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Summary

To understand more clearly the link between osteoarthritis and

hyperlipidaemia, we investigated the inflammatory macrophage subsets and

macrophage-regulated matrix metalloprotease-3 (MMP-3) and A disintegrin

and metalloprotease with thrombospondin motifs-4 (ADAMTS4) in synovial

(ST) and adipose tissues (AT) of osteoarthritic mice with hyperlipidaemia

(STR/Ort). CD11c1F4/801CD11b1 macrophage populations in the ST and

AT of 9-month-old STR/Ort and C57BL/6J mice were characterized and

compared by flow cytometry and real-time polymerase chain reaction (PCR)

analyses. Expression of tumour necrosis factor (TNF)-a, MMP-3 and

ADAMTS4, and the response of these factors to anionic liposomal clodronate

induced-macrophage depletion were also evaluated by real-time PCR.

Expression of TNF-a in CD11c1 cells, which were isolated by magnetic beads,

was compared to CD11c– cells. In addition, the effect of TNF-a on cultured

synovial fibroblasts and adipocytes was investigated. CD11c1F4/801CD11b1

macrophages were increased in ST and AT of STR/Ort mice. The CD11c1 cell

fraction highly expressed TNF-a. Expression of TNF-a and MMP3 was

increased in ST and AT, and was decreased upon macrophage depletion. TNF-

a treatment of cultured synovial fibroblasts and adipocytes markedly up-

regulated MMP-3. CD11c1F4/801CD11b1 macrophages were identified as a

common inflammatory subset in the AT and ST of STR/Ort mice with

hyperlipidaemia. The induction of inflammation in AT and ST may be part of

a common mechanism that regulates MMP3 expression through TNF-a. Our

findings suggest that increased numbers of CD11c1 macrophages and elevated

levels of TNF-a and MMP-3 in AT and ST may explain the relationship

between hyperlipidaemia and OA.
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Introduction
Several recent studies have examined the relationship

between primary osteoarthritis (OA) and metabolic fac-

tors, including cholesterol, triglyceride, glucose and adi-

pocytokines [1–4]. For example, Sturmer et al. [4]

reported that hypercholesterolaemia is associated with

generalized OA, and Hart et al. [1] found that several

metabolic factors, such as blood glucose and cholesterol,

are linked to the development of knee OA. These findings

suggest that the aetiology of OA involves important sys-

temic and metabolic components. However, the specific

effects of these factors, particularly hyperlipidaemia, on

the mechanisms underlying primary OA remain unclear.

Dyslipidaemia increases the number of circulating mye-

loid cells [5,6] which, when recruited into adipose tissue

(AT), differentiate into macrophages that contribute to

inflammation and insulin resistance upon activation

[7–9]. Synovial inflammation has been implicated in

many of the signs and symptoms of OA, including joint

swelling and effusion. Histologically, OA synovium typi-

cally exhibits hyperplasia characterized by an increased

number of lining cells and macrophages in the infiltrate

[10]. Because macrophages in OA synovium produce

proinflammatory cytokines and destructive mediators

[11,12], we speculate that an increase of activated macro-

phages in AT and synovial tissue (ST) may contribute to
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the observed relationship between OA development and

hyperlipidaemia.

Accumulating evidence suggests that matrix metallo-

proteases (MMPs) and disintegrin and metalloprotease

with thrombospondin motifs [A disintegrin and metallo-

proteinase with thrombospondin motifs 4 (ADAMTS4)

proteins] are important co-factors and mediators of insu-

lin resistance [13,14] and OA [15–17]. Macrophages

and macrophage-produced cytokines, such as tumour

necrosis factor (TNF)-a, interleukin (IL)-6 and IL-1b,

modulate the function of MMP-3 and ADAMTS4

[15,18–20]. For example, the treatment of human adipo-

cytes with macrophage-conditioned medium markedly

increases the expression of MMP1 and MMP3 [20]. Sev-

eral MMP-3 and ADAMTS4 proteins that are found com-

monly in synovial fibroblast cultures are also regulated by

macrophages and the cytokines IL-1b and TNF-a [15].

In collagenase-induced OA mice, macrophage depletion

reduces the expression of MMP2, -3, and -9 in ST [18].

Based on these findings, we speculated that MMP-3 and

ADAMTS4 are common disease mediators, and that

examining their regulation by macrophage and

macrophage-produced cytokines may reveal the relation-

ship between hyperlipidaemia and OA.

The STR/Ort mouse is a well-characterized, spontaneous

model of OA [21–24]. Our recent studies have revealed

that STR/Ort mice display human hyperlipidaemic-like

symptoms, including high serum total cholesterol and tri-

glyceride and hyperinsulinaemia [25,26]. Recently, we

reported that myeloid cell populations are increased in the

peripheral blood and spleen of STR/Ort mice, and are also

recruited into ST [6]. Therefore, characterization of mac-

rophage populations in ST and AT in STR/Ort is expected

to provide insight into the relationship between OA pathol-

ogy and hyperlipidaemia.

Here, we characterized the inflammatory macrophages

and expression profiles of MMP-3 and ADAMTS4 in AT

and ST of STR/Ort mice. In addition, we investigated

whether macrophage depletion by systemic injection of

clodronate-laden liposomes decreases local inflammation

in AT and ST.

Materials and methods

Animals

Male STR/Ort mice aged 35 weeks were examined

together with age- and sex-matched C57BL/6J control

mice (Charles River Laboratories, Inc., Yokohama, Japan).

Specific-pathogen free (SPF) colonies of STR/Ort and

C57BL/6J mice were maintained at Nippon Charles River

Laboratories (Kanagawa, Japan). The mice were housed

in a semi-barrier system with a controlled environment

(temperature: 23 6 2 �C; humidity: 55 6 10%; lighting:

12-h light/dark cycle) throughout the study. All the

experimental protocols were approved by the Kitasato

University School of Medicine Animal Care Committee.

Isolation and staining of leucocytes from adipose and
synovial tissue of STR/Ort mice

C57BL/6J and STR/Ort mice were killed by deep anaes-

thesia and skin was then removed for the harvesting of

ST with a scalpel. The harvested ST was digested with

1 mg/ml type I collagenase for 2 h at 37 �C [6]. Perigo-

nadal fat was also harvested from mice and was digested

with collagenase D solution (2 mg/ml) (Roche Diagnos-

tics, Indianapolis, IN) for 1–1�5 h at 37 �C [27]. The

released cells were stained with antibodies against F4/80,

CD11b and CD11c, and 7-amino actinomycin D (7AAD)

staining was used to identify dead cells.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from harvested ST and AT using

TRIzol (Invitrogen, Carlsbad, CA, USA), according to the

manufacturer’s instructions, and was used as a template

for first-strand cDNA synthesis using SuperScript III RT

(Invitrogen). The PCR reaction mixture consisted of 2 ll

cDNA, specific primer set (0�2 lM final concentration)

and 12�5 ll SYBR Premix Ex TaqTM (Takara, Kyoto,

Japan) in a final volume of 25 ll. The PCR primer pairs

sequences are listed in Table 1. Quantitative PCR was per-

formed using a real-time PCR detection system (CFX-96;

Bio-Rad, Hercules, CA, USA). The PCR cycle parameters

consisted of an initial denaturation at 95 �C for 1 min

followed by 40 cycles of 95 �C for 5 s, and 60 �C for 30 s

mRNA expression was normalized to the levels of glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH) mRNA.

Macrophage depletion by injection of clodronate-
laden liposomes

To investigate the effects of macrophages on MMP-3 and

ADAMTS4 expression, anionic liposomal clodronate was

administered systemically to STR/Ort mice by intraperito-

neal injection. After 24 h, ST and AT were harvested as

described above and the expression of TNF-a, MMP-3

and ADAMTS4 was analysed by real-time PCR. Cells in

ST and AT were harvested as described above and were

stained with antibodies against F4/80, CD11b and CD11c.

Isolation of CD11c-positive cells in ST and AT

At 35 weeks of age, 10 ST samples were harvested from the

bilateral knees of five STR/Ort mice. AT samples were har-

vested from the perigonadal fat of one STR/Ort mouse.

Mononuclear cells were isolated from ST and AT by diges-

tion with type I and D collagenase, respectively. Prior to the

isolation of CD11c-positive cells, MACS
VR

columns (25 LD

columns; Miltenyi Biotec, Bergisch Gladbach, Germany)

were filled with alpha-minimum essential medium (a-

MEM) warmed to 37 �C. ST-derived mononuclear cells
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were suspended in 500 ll phosphate-buffered saline (PBS)

containing biotinylated anti-CD11c antibody and then

incubated for 30 min at 4 �C. The cells were washed once

with PBS, resuspended in 1 ml anti-biotin microbeads, and

then loaded onto columns held in a Quadro MACS
VR

mag-

netic support. Warmed (37 �C) culture medium was then

added to the column to collect unbound (CD11c-negative)

cells. The column was removed from the magnetic support

and an additional 4 ml of a-MEM was added to collect

CD11c-positive cells. The collected CD11c-positive and -

negative cells were centrifuged at 300 g for 10 min. The

supernatants were removed and cell pellets were then used

directly for RNA isolation, as described above. CD11c,

TNF-a, MMP-3 and ADAMTS4 expression in both cell

types was analysed by reverse transcription (RT)–PCR. The

experiment was performed three times.

Effect of TNF-a on ST-derived fibroblasts and
cultured adipocytes

Cells in ST were harvested as described above. ST-derived

mononuclear cells were suspended in 500 ll phosphate-

buffered saline (PBS) containing biotinylated anti-CD45 anti-

body and then incubated for 30 min at 4 �C. The cells were

washed once with PBS, resuspended in 1 ml anti-biotin

microbeads and then loaded onto columns (25 LD columns;

Miltenyi Biotec) held in a Quadro MACS
VR

magnetic support.

Warmed (37 �C) culture medium was added to the column

to collect unbound (CD45-negative) cells, which were then

cultured in a-MEM in six-well plates. 3T3-L1 cells were cul-

tured to confluence in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% (v/v) calf serum. At 2 days

post-confluence (designated day 0), cells were induced to dif-

ferentiate with DMEM supplemented with 10% (v/v) fetal

bovine serum (FBS), 0�25 mM dexamethasone (Sigma, St

Louis, MO, USA), 0�5 mM isobutylmethylxanthine (Sigma)

and 5 mg/ml insulin (Novo Nordisk A/S). After 2 weeks, syno-

vial fibroblast and 3T3L1 cells were incubated with 0, 2�5 and

25 ng/ml mouse recombinant TNF-a (Biolegend, San Diego,

CA, USA) for 24 h. Cells were then harvested for RNA isola-

tion, as described above, and MMP-3 and ADAMTS4 expres-

sion in both cell types was analysed by RT–PCR. The

experiment was performed four times.

Statistical analysis

All statistical analyses were performed using SPSS software

version 11.0 (SPSS, Inc., Chicago, IL, USA). One-way anal-

ysis of variance (ANOVA) with Tukey’s multiple comparison

test was used to examine differences in gene expression. A

P-value of <0�05 was considered statistically significant.

Results

Expression of CD11c, TNF-a, MMP-3 and ADAMTS4
in AT and ST of STR/Ort mice

Flow cytometric analysis of macrophage populations in the

ST of STR/Ort mice revealed that both F4/801CD11b1

(Fig. 1a-1,a-2,a-5) and CD11c1 macrophages (Fig. 1a-3,a-

4,a-6) were increased significantly compared to the levels

found in C57BL/6J mice. The percentage of F4/801CD11b1

macrophages in the AT of STR/Ort was lower than that

found in the AT of C57BL/6J (Fig. 1b-1,b-2, b-5); however,

the percentage of CD11c1 macrophages was significantly

higher than that in C57BL/6J (Fig. 1b-3,b-4,b-6). Real-time

PCR analysis also showed that the expression of CD11c was

elevated significantly in AT and ST of STR/Ort mice (Fig.

2a,e). The expression of the TNF-a was also increased sig-

nificantly in the ST and AT of STR/Ort mice compared to

that in C57BL/6J (Fig. 2b,f, respectively). Expression of

MMP-3 and ADAMTS4 was also increased significantly in

ST and AT of STR/Ort mice (Fig. 2c,d,g,h).

Effect of macrophage depletion on the expression
of CD11c, TNF-a, MMP-3 and ADAMTS4

The induction of macrophage depletion by the injection of

liposomal clodronate tended to decrease the number of

F4/801CD11b1 cells (Fig. 3a-1,a-2,a-5) and decreased sig-

nificantly the number of F4/801CD11b1CD11c cells in ST

Table 1. Sequences of primers used in this study

Gene Direction Primer sequence (50–30) Product size (bp)

CD11c F TTC TTC TGC TGT TGG GGT TTG 132

R CAA CCA CCA CCC AGG AAC TAT

TNF-a F CTG AAC TTC GGG GTG ATC GG 122

R GGC TTG TCA CTC GAA TTT TGA GA

MMP-3 F GTC CTC CAC AGA CTT GTC CC 102

R AGG ACA TCA GGG GAT GCT GT

ADAMTS4 F CTG GGT ATG GCT GAT GTG GG 165

R CCC CTG CCC ATT CAA GTT AGT

GAPDH F AAC TTT GGC ATT GTG GAA GG 223

R ACA CAT TGG GGG TAG GAA CA

F 5 forward; R 5 reverse; MMP3 5 matrix metalloprotease-3; TNF 5 tumour necrosis factor; ADAMTS4 5 A disintegrin and metalloproteinase

with thrombospondin motifs 4; GAPDH 5 glyceraldehyde 3-phosphate dehydrogenase.

Regulation of metalloprotease-3 and TNF-a by macrophages
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of STR/Ort mice (Fig. 3a-3,a-4,a-6). Macrophage depletion

also led to a significant decrease of F4/801CD11b1 (Fig.

3b-1,b-2,b-5) and CD11c1F4/801CD11b1 cells (Fig. 3b-

3,b-4,b-6) in AT of STR/Ort mice, and significant down-

regulation of CD11c and TNF-a expression in both ST

and AT of STR/Ort mice (Fig. 4a,b,e,f). Expression of

MMP-3 in ST and AT of STR/Ort was suppressed by mac-

rophage depletion (Fig. 4c,g). Similarly, ADAMTS4

Fig. 1. Flow cytometric analysis of CD11c1F4/801CD11b macrophage cells in the synovial tissue (ST) and adipose tissue (AT) of STR/Ort (STR)

and C57BL/6J (C57) mice. (a-1,-2, b-1,-2) Dot-plot analysis of F4/801CD11b1 cells in ST of C57 (a-1) and STR (a-2) and AT of C57 (b-1) and

STR (b-2); x-axis, CD11; y-axis, F4/80. (a-3,-4, b-3,-4) Histogram analysis of CD11c1 in cells in gated regions in the dot-plot in ST of C57 (a-3)

and STR (a-4) and AT of C57 (b-3) and STR (b-4). Percentage of F4/80- and CD11b-positive cells in ST of C57 and STR (a-5) and AT of C57

and STR (b-5) in gated regions of the dot plot (n 5 5). Percentage of CD11c1 cells in F4/80- and CD11b-positive gated regions is shown in a-6

(AT) and b-6 (AT) (n 5 5).

Fig. 2. Real-time polymerase chain reaction

(PCR) analysis for the expression of the CD11c,

tumour necrosis factor (TNF)-a, matrix

metalloprotease-3 (MMP-3) and A disintegrin

and metalloproteinase with thrombospondin

motifs 4 (ADAMTS4) in synovial (ST; a–d) and

adipose tissues (AT; e–h) of C57BL/6J (C57) and

STR/Ort (STR) mice. *Statistically significant

difference between C57 and STR mice. All data

are presented as the mean 6 standard error (s.e.)

(n 5 10).
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expression in ST of STR/Ort was suppressed significantly

by macrophage depletion (Fig. 4d). However, macrophage

depletion had no significant effect on the expression of

ADAMTS4 in AT (Fig. 4h).

CD11c and TNF-a expression of in CD11c-positive
fractions of ST and AT

CD11c-positive macrophages in AT produce markedly

higher levels of TNF-a compared to CD11c-negative cells

[28]. To evaluate whether CD11c-positive cells in ST also

produce TNF-a, the expression of TNF-a and CD11c in

CD11c-positive cells isolated from ST and AT of STR/Ort

mice was examined by real-time PCR. CD11c expression

in CD11c-positive cell fractions of ST and AT was 6.9- and

3.5-fold higher, respectively, than in CD11c-negative cells

(Fig. 5a,e). Similarly, TNF-a expression in CD11c-positive

cells was 8�1- and 7�1-fold higher, respectively, than in

CD11c-negative cell fractions (Fig. 5b,f). In contrast,

expression of MMP-3 and ADAMTS4 in the CD11c-

positive cell fraction was lower than that in the CD11c-

negative cell fraction (Fig. 5c,d,g,h).

Effect of TNF-a on expression of ADAMTS4
and MMP-3 in synovial fibroblasts and adipocytes

Expression of MMP-3 increased significantly in synovial

fibroblasts and adipocytes in the presence of both low and

high concentrations of exogenously added TNF-a (Fig.

6a,c). ADAMTS4 expression also increased significantly in

synovial fibroblasts in the presence of low and high concen-

trations of TNF-a (Fig. 6b). In contrast, expression of

ADAMTS4 in adipocytes was increased only at the higher

TNF-a concentration, and was not affected at the lower

concentration (Fig. 6d).

Discussion

In our study of the mechanisms underlying primary OA,

we found that CD11c1 populations of macrophages are

increased in the ST and AT of STR/Ort mice. Higher

Fig. 3. Flow cytometric analysis of CD11c1F4/

801CD11b macrophage cells in synovial tissue

(ST) and adipose tissue (AT) of phosphate-

buffered saline (PBS)-injected STR/Ort mice

[phosphate-buffered saline (PBS)] and

clodronate-injected STR/Ort mice (Clo). (a-1,-2,

b-1,-2) Dot-plot analysis of F4/801CD11b1 cells

in ST of PBS (a-1) and Clo (a-2) and AT of PBS

(b-1) and Clo (b-2); x-axis, CD11; y-axis, F4/80.

(a-3,-4, b-3,-4) Histogram analysis of CD11c1 in

cells in gated regions in the dot-plot in ST of

PBS (a-3) and Clo (a-4) and AT of PBS (b-3)

and Clo (b-4). Percentage of F4/80- and CD11b-

positive cells in ST of PBS and Clo (a-5) and AT

of PBS and Clo (b-5) in gated regions of the

dot-plot (n 5 5). Percentage of CD11c1 cells in

F480- and CD11b-positive gated regions is

shown in a-6 (ST) and b-6 (AT) (n 5 5).

Fig. 4. Real-time polymerase chain reaction

(PCR) analysis for the expression of the CD11c,

tumour necrosis factor (TNF)-a, matrix

metalloprotease-3 (MMP-3) and A disintegrin

and metalloproteinase with thrombospondin

motifs 4 (ADAMTS4) in synovial (ST; a–d) and

adipose tissue (AT; e–h) of phosphate-buffered

saline (PBS)-injected STR/Ort (PBS) and

clodronate-injected STR/Ort (Clo) mice.

*Statistically significant difference between PBS

and Clo mice. All data are presented as the

mean 6 standard error (s.e.) (n 5 10).

Regulation of metalloprotease-3 and TNF-a by macrophages
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expression of TNF-a, MMP-3 and ADAMTS4 was also

observed in both ST and AT. Macrophage depletion by

treatment of STR/Ort mice with clodronate-laden lipo-

somes decreased TNF-a and MMP-3 in ST and AT. In

addition, TNF-a stimulated MMP-3 expression in cul-

tured synovial fibroblasts and adipocytes. Taken together,

our findings suggest that CD11c1F4/801CD11b1 macro-

phages are a common inflammatory subset and regulate

TNF-a and MMP-3 expression in ST and AT. Increased

numbers of macrophages and elevated levels of TNF-a

and MMP-3 may explain the relationship between hyper-

lipidaemia and OA.

Activated macrophages are observed frequently in the

AT and ST of OA patients and obese murine models. Adi-

pose tissue macrophages (ATMs), which have been well

characterized in previous studies, consist of at least two

different phenotypes: classically activated M1 macro-

phages and alternatively activated M2 macrophages, both

of which display increased activation in hyperlipidaemic

mice [ [28]]. M1 ATMs, which express CD11c, produce a

number of proinflammatory cytokines, including TNF-a,

IL-6 and monocyte chemoattractant protein (MCP)-1,

and therefore contribute to the induction of insulin

resistance [29–31]. In human and animal OA models

macrophages are also activated in ST; however, the

inflammatory macrophage subset in these tissues has not

been fully defined. A recent study reported that the levels

of M2 macrophages are elevated in OA patients compared

to those found in rheumatoid arthritis patients, although

the relative levels in healthy controls were not compared

Fig. 5. Expression of CD11c, tumour necrosis

factor (TNF)-a, matrix metalloprotease-3 (MMP-

3) and A disintegrin and metalloproteinase with

thrombospondin motifs 4 (ADAMTS4) in

CD11c-negative and -positive cell fractions of

synovial (ST) and adipose tissues (AT) of STR/

Ort mice. All data are presented as the mean

standard error (s.e.) of three experiments (n 5 3).

Fig. 6. Effect of TNF-a on matrix

metalloprotease-3 (MMP-3) and A disintegrin

and metalloproteinase with thrombospondin

motifs 4 (ADAMTS4) expression in cultured

synovial fibroblasts and adipocytes. Expression of

MMP-3 in synovial fibroblasts (a) and adipocytes

(c); expression of ADAMST4 in synovial

fibroblasts (b) and adipocytes (d). All data are

presented as the mean 6 standard error (s.e.) of

four experiments (n 5 4).

K. Uchida et al.

556 VC 2015 British Society for Immunology, Clinical & Experimental Immunology, 180: 551–559



[32]. In the present study, the levels of CD11c1F4/

801CD11b1 macrophages and TNF-a expression in STR/

Ort mice were higher than those in C57BL/6J mice in

both AT and ST. Notably, macrophage depletion reduced

the expression of both CD11c and TNF-a. TNF-a was

also elevated significantly in CD11c1 cells in ST and AT

compared to the levels detected in CD11c– cells. The

CD11c1 macrophage subset exhibited an M1 phenotype

and was increased in ST and AT. Together, these findings

suggest that CD11c1 macrophages are a common TNF-

a-producing subset in both AT and ST of OA mice with

hyperlipidaemia.

MMP-3 has degradative effects on the extracellular matrix,

and has been suggested to function as an important mediator

in metabolic diseases and OA [16,18,29,33–36]. In OA

patients, plasma MMP-3 levels correlate closely with joint

narrowing [35], and MMP-3 expression is increased in the

AT of high-fat diet mice [33,37] and in the ST of collagenase-

induced OA model mice in response to cartilage damage

[18]. Here, we found that MMP-3 is up-regulated in both the

AT and STof STR/Ort mice. Our in-vivo experiments demon-

strated that macrophage depletion reduces TNF-a and

MMP-3 expression in both AT and ST. In addition, MMP-3

expression was also increased markedly by TNF-a stimula-

tion of cultured synovial fibroblasts and adipocytes. These

findings, taken together with our present results, indicate that

the inflammation of AT and ST that is associated with OA

and hyperlipidaemia is induced by a common mechanism

that regulates MMP-3 expression through TNF-a.

ADAMTS4 also has degradative effects on the extracellular

matrix, and has been suggested to function as an inflamma-

tory mediator in metabolic diseases [38,39] and OA

[15,16]. Miller et al. [39] showed that ADAMTS4 expression

is increased in the adipocytes of obese mice. Bondeson et al.

[15] demonstrated that specific neutralization of TNF-a sup-

presses ADAMTS4 expression in synovial fibroblasts in vitro.

Here, we found that ADAMTS4 is up-regulated in both the

AT and ST of STR/Ort mice. However, in in-vivo experi-

ments, macrophage depletion reduced ADAMTS4 expression

significantly in ST, but did not affect expression markedly in

AT. Consistent with the results of the in-vivo experiments,

TNF-a stimulation at both low and high concentrations

increased ADAMTS4 expression in cultured synovial fibro-

blasts. In contrast, the expression of ADAMTS4 in adipocytes

was increased only by high concentrations of TNF-a. A

recent study showed that adipocytokines and leptin regulate

ADAMTS4 expression in chondrocytes [40]. Taken together,

these findings suggest that TNF-a modulates the expression

of ADAMTS4 in ST, but another factor may also regulate

ADAMTS4 expression in AT.

Several recent studies suggest that TNF-a is a key factor

and drug target for OA [41–44]. In a patient with inflam-

matory knee OA, an anti-TNF drug had marked benefits on

pain and walking distance, as well as synovitis, synovial

effusion and bone marrow oedema [42]. In a recent pilot

study, involving intra-articular injections of the anti-TNF

antibody infliximab, significant symptomatic relief was

observed compared with placebo [41]. Infliximab has also

been shown to slow the progression of OA [43]. Increased

TNF-a production in response to hyperlipidaemia leads to

decreased insulin sensitivity [45,46]. Notably, recent stud-

ies reported that anti-TNF treatment in RA patients with

insulin resistance improved not only RA symptoms, but

also insulin resistance [47–49]. In addition to decreased

TNF-a expression in ST, macrophage depletion in STR/Ort

mice led to decreased serum glucose levels, a result that is

consistent with the finding that macrophage depletion in

high-fat diet mice improves insulin sensitivity and reduces

plasma glucose levels [50]. These observations and our

present results of high TNF-a expression in ST and AT mac-

rophage of OA mice with hyperlipidaemia corroborate the

link between OA and hyperlipidemia.

Several limitations of the study warrant mention. First,

the mechanism proposed in this study was based on the

results of cross-sectional analysis. Secondly, although we

demonstrated that TNF-a and MMP-3 are elevated in ST

and AT, it remains to be determined whether these factors

contribute to OA pathology. Finally, it is also unclear

whether OA onset and/or progression are inhibited by

continuous macrophage depletion.

In conclusion, CD11c1 macrophages were identified

as a common inflammatory subset in OA mice with

hyperlipidaemia, and the depletion of macrophages

with clodronate-laden liposomes reduced the levels of

TNF-a and MMP3 in AT and ST. The induction of

inflammation in AT and ST may be part of a common

mechanism that regulates MMP3 expression through

TNF-a. Our findings suggest that increased numbers of

macrophages and elevated levels of TNF-a and MMP-3

may explain the relationship between hyperlipidaemia

and OA.

Acknowledgements

This investigation was supported in part by Grants-in-Aid

from the Ministry of Education, Sports, Culture, Science

and Technology of Japan to K. O. and K. U., by a Grant-in-

Aid from the Japanese Ministry of Health, by a Medical

Research Grant from The General Insurance Association of

Japan, by a Kitasato University Research Grant for Young

Researchers, and by research grants from the Parents’ Asso-

ciation of Kitasato University School of Medicine.

Author contributions

All authors read the manuscript and had input into revi-

sing it for intellectual content and style. For experimental

design: K. U. and M. T.; for acquisition of data: K. U., M.

S., G. I., K. O., K. I. and M. M.; for analysis and interpre-

tation of data: K. U., M. S. and K. I. For drafting the

manuscript: K. U. and M. T.

Regulation of metalloprotease-3 and TNF-a by macrophages

VC 2015 British Society for Immunology, Clinical & Experimental Immunology, 180: 551–559 557



Disclosure

The authors declare that there are no conflicts of interest

regarding the publication of this paper.

References

1 Hart DJ, Mootoosamy I, Doyle DV, Spector TD. The relation-

ship between osteoarthritis and osteoporosis in the general pop-

ulation: the Chingford Study. Ann Rheum Dis 1994; 53:158–62.

2 Pastraigus C, Ancuta C, Miu S, Ancuta E, Chirieac R. Knee

osteoarthritis, dyslipidemia syndrome and exercise. Rev Med

Chir Soc Med Nat Iasi 2012; 116:481–6.

3 Puenpatom RA, Victor TW. Increased prevalence of metabolic

syndrome in individuals with osteoarthritis: an analysis of

NHANES III data. Postgrad Med 2009; 121:9–20.

4 Sturmer T, Sun Y, Sauerland S et al. Serum cholesterol and

osteoarthritis. The baseline examination of the Ulm Osteoar-

thritis Study. J Rheumatol 1998; 25:1827–32.

5 Swirski FK, Libby P, Aikawa E et al. Ly-6Chi monocytes

dominate hypercholesterolemia-associated monocytosis and

give rise to macrophages in atheromata. J Clin Invest 2007;

117:195–205.

6 Uchida K, Naruse K, Satoh M et al. Increase of circulating

CD11b(1)Gr1(1) cells and recruitment into the synovium in

osteoarthritic mice with hyperlipidemia. Exp Anim 2013;

62:255–65.

7 Cancello R, Henegar C, Viguerie N et al. Reduction of macro-

phage infiltration and chemoattractant gene expression changes

in white adipose tissue of morbidly obese subjects after surgery-

induced weight loss. Diabetes 2005; 54:2277–86.

8 Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,

Ferrante AW Jr. Obesity is associated with macrophage accumu-

lation in adipose tissue. J Clin Invest 2003; 112:1796–808.

9 Xu H, Barnes GT, Yang Q et al. Chronic inflammation in fat

plays a crucial role in the development of obesity-related insulin

resistance. J Clin Invest 2003; 112:1821–30.

10 Farahat MN, Yanni G, Poston R, Panayi GS. Cytokine expres-

sion in synovial membranes of patients with rheumatoid arthri-

tis and osteoarthritis. Ann Rheum Dis 1993; 52:870–5.

11 Benito MJ, Veale DJ, FitzGerald O, van den Berg WB, Bresnihan

B. Synovial tissue inflammation in early and late osteoarthritis.

Ann Rheum Dis 2005; 64:1263–7.

12 Young L, Katrib A, Cuello C et al. Effects of intraarticular glu-

cocorticoids on macrophage infiltration and mediators of joint

damage in osteoarthritis synovial membranes: findings in a

double-blind, placebo-controlled study. Arthritis Rheum 2001;

44:343–50.

13 Hopps E, Caimi G. Matrix metalloproteinases in metabolic syn-

drome. Eur J Intern Med 2012; 23:99–104.

14 Voros G, Maquoi E, Collen D, Lijnen HR. Differential expres-

sion of plasminogen activator inhibitor-1, tumor necrosis

factor-alpha, TNF-alpha converting enzyme and ADAMTS fam-

ily members in murine fat territories. Biochim Biophys Acta

2003; 1625:36–42.

15 Bondeson J, Wainwright SD, Lauder S, Amos N, Hughes CE.

The role of synovial macrophages and macrophage-produced

cytokines in driving aggrecanases, matrix metalloproteinases,

and other destructive and inflammatory responses in osteoar-

thritis. Arthritis Res Ther 2006; 8:R187.

16 Verma P, Dalal K. ADAMTS-4 and ADAMTS-5: key enzymes in

osteoarthritis. J Cell Biochem 2011; 112:3507–14.

17 Yoshihara Y, Nakamura H, Obata K et al. Matrix metalloprotei-

nases and tissue inhibitors of metalloproteinases in synovial flu-

ids from patients with rheumatoid arthritis or osteoarthritis.

Ann Rheum Dis 2000; 59:455–61.

18 Blom AB, van Lent PL, Libregts S et al. Crucial role of

macrophages in matrix metalloproteinase-mediated cartilage

destruction during experimental osteoarthritis: involvement

of matrix metalloproteinase 3. Arthritis Rheum 2007; 56:

147–57.

19 Mimata Y, Kamataki A, Oikawa S et al. Interleukin-6 upregu-

lates expression of ADAMTS-4 in fibroblast-like synoviocytes

from patients with rheumatoid arthritis. Int J Rheum Dis 2012;

15:36–44.

20 O’Hara A, Lim FL, Mazzatti DJ, Trayhurn P. Microarray analysis

identifies matrix metalloproteinases (MMPs) as key genes whose

expression is up-regulated in human adipocytes by

macrophage-conditioned medium. Pflugers Arch 2009; 458:

1103–14.

21 Mason RM, Chambers MG, Flannelly J, Gaffen JD, Dudhia J,

Bayliss MT. The STR/ort mouse and its use as a model of osteo-

arthritis. Osteoarthritis Cartilage 2001; 9:85–91.

22 Naruse K, Urabe K, Jiang SX et al. Osteoarthritic changes of the

patellofemoral joint in STR/OrtCrlj mice are the earliest detect-

able changes and may be caused by internal tibial torsion. Con-

nect Tissue Res 2009; 50:243–55.

23 Walton M. Degenerative joint disease in the mouse knee; radio-

logical and morphological observations. J Pathol 1977; 123:97–

107.

24 Walton M. Degenerative joint disease in the mouse knee; histo-

logical observations. J Pathol 1977; 123:109–22.

25 Uchida K, Urabe K, Naruse K, Ogawa Z, Mabuchi K, Itoman M.

Hyperlipidemia and hyperinsulinemia in the spontaneous osteoar-

thritis mouse model, STR/Ort. Exp Anim 2009; 58:181–7.

26 Uchida K, Naruse K, Ogawa Z, Suto K, Urabe K, Takaso M. Ele-

vation of pancreatic oxidative stress in STR/Ort mice. J Appl

Anim Res 2011; 39:149–52.

27 Satoh M, Andoh Y, Clingan CS et al. Type II NKT cells stimu-

late diet-induced obesity by mediating adipose tissue inflamma-

tion, steatohepatitis and insulin resistance. PLOS ONE 2012; 7:

e30568.

28 Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a pheno-

typic switch in adipose tissue macrophage polarization. J Clin

Invest 2007; 117:175–84.

29 Gordon S. Alternative activation of macrophages. Nat Rev

Immunol 2003; 3:23–35.

30 Gordon S, Taylor PR. Monocyte and macrophage heterogeneity.

Nat Rev Immunol 2005; 5:953–64.

31 Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M.

The chemokine system in diverse forms of macrophage activa-

tion and polarization. Trends Immunol 2004; 25:677–86.

32 Tsuneyoshi Y, Tanaka M, Nagai T et al. Functional folate recep-

tor beta-expressing macrophages in osteoarthritis synovium and

their M1/M2 expression profiles. Scand J Rheumatol 2012; 41:

132–40.

33 Chavey C, Mari B, Monthouel MN et al. Matrix metalloprotei-

nases are differentially expressed in adipose tissue during obesity

and modulate adipocyte differentiation. J Biol Chem 2003; 278:

11888–96.

K. Uchida et al.

558 VC 2015 British Society for Immunology, Clinical & Experimental Immunology, 180: 551–559



34 Duerr S, Stremme S, Soeder S, Bau B, Aigner T. MMP-2/gelatin-

ase A is a gene product of human adult articular chondrocytes

and is increased in osteoarthritic cartilage. Clin Exp Rheumatol

2004; 22:603–8.

35 Lohmander LS, Brandt KD, Mazzuca SA et al. Use of the

plasma stromelysin (matrix metalloproteinase 3) concentration

to predict joint space narrowing in knee osteoarthritis. Arthritis

Rheum 2005; 52:3160–7.

36 Pelletier JP, McCollum R, Cloutier JM, Martel-Pelletier J. Syn-

thesis of metalloproteases and interleukin 6 (IL-6) in human

osteoarthritic synovial membrane is an IL-1 mediated process.

J Rheumatol Suppl 1995; 43:109–14.

37 Yang ZH, Miyahara H, Mori T, Doisaki N, Hatanaka A. Benefi-

cial effects of dietary fish-oil-derived monounsaturated fatty

acids on metabolic syndrome risk factors and insulin resistance

in mice. J Agric Food Chem 2011; 59:7482–9.

38 Christiaens V, Scroyen I, Lijnen HR. Role of proteolysis in develop-

ment of murine adipose tissue. Thromb Haemost 2008; 99:290–4.

39 Miller RS, Becker KG, Prabhu V, Cooke DW. Adipocyte gene

expression is altered in formerly obese mice and as a function

of diet composition. J Nutr 2008; 138:1033–8.

40 Yaykasli KO, Hatipoglu OF, Yaykasli E et al. Leptin induces

ADAMTS-4, ADAMTS-5, and ADAMTS-9 genes expression by

mitogen-activated protein kinases and NF-kB signaling path-

ways in human chondrocytes. Cell Biol Int 2015; 39:104–12.

41 Fioravanti A, Fabbroni M, Cerase A, Galeazzi M. Treatment of

erosive osteoarthritis of the hands by intra-articular infliximab

injections: a pilot study. Rheumatol Int 2009; 29:961–5.

42 Grunke M, Schulze-Koops H. Successful treatment of inflamma-

tory knee osteoarthritis with tumour necrosis factor blockade.

Ann Rheum Dis 2006; 65:555–6.

43 Guler-Yuksel M, Allaart CF, Watt I et al. Treatment with TNF-alpha

inhibitor infliximab might reduce hand osteoarthritis in patients

with rheumatoid arthritis. Osteoarthritis Cartilage 2010; 18:1256–62.

44 Magnano MD, Chakravarty EF, Broudy C et al. A pilot study of

tumor necrosis factor inhibition in erosive/inflammatory osteo-

arthritis of the hands. J Rheumatol 2007; 34:1323–7.

45 Gwozdziewiczova S, Lichnovska R, Ben YR, Chlup R, Hrebicek

J. TNF-alpha in the development of insulin resistance and other

disorders in metabolic syndrome. Biomed Pap Med Fac Univ

Palacky Olomouc Czech Repub 2005; 149:109–17.

46 Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expres-

sion of tumor necrosis factor-alpha: direct role in obesity-linked

insulin resistance. Science 1993; 259:87–91.

47 Gonzalez-Gay MA, Gonzalez-Juanatey C, Vazquez-Rodriguez

TR, Miranda-Filloy JA, Llorca J. Insulin resistance in rheuma-

toid arthritis: the impact of the anti-TNF-alpha therapy. Ann

NY Acad Sci 2010; 1193:153–9.

48 Seriolo B, Paolino S, Ferrone C, Cutolo M. Impact of long-

term anti-TNF-alpha treatment on insulin resistance in

patients with rheumatoid arthritis. Clin Exp Rheumatol 2008;

26:159–60.

49 Tam LS, Tomlinson B, Chu TT, Li TK, Li EK. Impact of TNF

inhibition on insulin resistance and lipids levels in patients with

rheumatoid arthritis. Clin Rheumatol 2007; 26:1495–8.

50 Feng B, Jiao P, Nie Y et al. Clodronate liposomes improve meta-

bolic profile and reduce visceral adipose macrophage content in

diet-induced obese mice. PLOS ONE 2011; 6:e24358.

51 Nguyen MT, Favelyukis S, Nguyen AK et al. A subpopulation of

macrophages infiltrates hypertrophic adipose tissue and is acti-

vated by free fatty acids via Toll-like receptors 2 and 4 and

JNK-dependent pathways. J Biol Chem 2007; 282:35279–92.

Regulation of metalloprotease-3 and TNF-a by macrophages

VC 2015 British Society for Immunology, Clinical & Experimental Immunology, 180: 551–559 559


